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ESTWe studied the genomic positions of 38,129 putative ncRNAs from the RIKEN dataset in relation to protein-
coding genes. We found that the dataset has 41% sense, 6% antisense, 24% intronic and 29% intergenic
transcripts. Interestingly, 17,678 (47%) of the FANTOM3 transcripts were found to potentially be internally
primed from longer transcripts. The highest fraction of these transcripts was found among the intronic
transcripts and as many as 77% or 6929 intronic transcripts were both internally primed and unspliced. We
deﬁned a ﬁltered subset of 8535 transcripts that did not overlap with protein-coding genes, did not contain
ORFs longer than 100 residues and were not internally primed. This dataset contains 53% of the FANTOM3
transcripts associated to known ncRNA in RNAdb and expands previous similar efforts with 6523 novel
transcripts. This bioinformatic ﬁltering of the FANTOM3 non-coding dataset has generated a lead dataset of
transcripts without signs of being artefacts, providing a suitable dataset for investigation with hybridization-
based techniques.© 2009 Elsevier Inc. All rights reserved.Background
The high number of functional non-coding RNA (ncRNA) genes
discovered lately has changed our view of how we look at the cell as a
functional unit. RNA was, with few exceptions (tRNA and rRNA),
thought to have no function on its own, but rather only work as an
intermediate messenger (mRNA) in the generation of proteins from
DNA. Recently, many biologically functional molecules of RNA and
several new subclasses have been added to the RNA family [1].
Moreover, several new speciﬁc functions have been attributed to these
new actors. These functions include genomic imprinting [2], regula-. Nordström),
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ll rights reserved.tion of mRNA stability [3], transcription co-activation, repression,
post-transcriptional regulation [4–6] and regulation of insulin secre-
tion [7]. ncRNAs are involved in neural stem cell differentiation and
development [8,9] and X-chromosome activation and inactivation
[10,11]. Moreover, ncRNAs function as repressors of NFAT protein [12],
as a response to heat shock and cell stress [13,14], are responsible for
the proper formation of the photoreceptors in the retina of mice [15]
and export toxic compounds from eukaryotic cells [16]. The list is
expanding rapidly as many additional, recently discovered ncRNAs
have been cloned and characterized [17].
The view on the transcriptional level in eukaryotes has changed.
An enduring thought was that only small portions of the genomes of
higher multi-cellular organisms are transcribed, whereas the ge-
nomes of lower microorganisms are nearly fully transcribed.
However, recent reports demonstrate that also the dominating por-
tions of the genomes of higher multi-cellular organisms are trans-
cribed and the majority of these newly discovered genes are not
protein-coding [18]. Still, with more than a decade of qualiﬁed
guesses [19–24], including serious attempts to estimate the total
number of protein-coding sequences in human and mouse
[20,23,25], there are large uncertainties about the total number of
transcribed elements in the mammalian genomes and the exact
proportions of coding vs. non-coding genes have been extremely
hard to determine [26]. Although many prediction algorithms for
non-coding RNAs have been published [27–29], it is difﬁcult to know
whether the resulting datasets of non-coding transcripts really are of
biological relevance i.e. have a physiological function. Still, the
number of putative non-coding RNA genes in sequence databases has
grown enormously in the last few years [30–33]. The new sequences
Fig. 1. Genomic structures of FANTOM3 non-coding transcripts in relation to protein-
coding genes. A schematic picture of how a transcript can be located relative to a
protein-coding gene. The top-most line depicts a proteinwith a 5 kbp padding upstream
and downstream to include a putative UTR. The row denoted EST cluster shows the
resulting cluster when the ESTs on the row denoted ESTs are clustered. 1) Two trans-
cripts located completely within the exons of the protein. 2) These two transcripts are
partially overlapping the protein. The rightmost transcript fulﬁls our pre-mRNA criteria.
3) This line contains three transcripts that overlap ESTs also overlapped by the protein.
4) In this, one transcript is linked to the protein by the EST cluster on the row above. 5)
The transcript on this row is associated to the protein as a putative UTR. 6) On the last
row, there are two intronic transcripts, of which, the leftmost has an adenine-rich
region located downstream andmight be internally primed. 7) A transcript on the other
strand overlapping the last exon of the protein-coding gene. 8) Transcripts not classiﬁed
to any of the above categories were considered intergenic.
170 K.J.V. Nordström et al. / Genomics 94 (2009) 169–176have been found and characterized using different methods including
large scale cDNA sequencing [32,34,35], large scale gene expression
proﬁling, molecular cloning and tiling arrays [36–39].
One of the most important efforts, with the objective to identify all
transcribed mRNAs in the mouse genome is the RIKEN cDNA project
[34,35]. Their latest release, FANTOM3, comprises 102,801 cDNAs of
which 38,129 have been classiﬁed as potential non-coding RNA genes
[32]. A dedicated database, FANTOMDB, was created to store sequence
information about the RIKEN full-length cDNA clones, annotation
information and additional description [40]. Another database,
RNAdb, produced by Pang et al., store information about small funct-
ional RNAs (microRNA, snoRNA) as well as putative ncRNAs [30,33]. It
is still unknown if all of the above transcripts are functional elements
and also to which extent the content and quality of these large
datasets have been inﬂuenced by limitations in the experimental
procedures. The RIKEN cDNA libraries are constructed with oligo-dT
priming, advanced techniques for cap-trapping and aggressive
normalization methods. By amplifying rare transcripts and deﬁning
the polyA-tail as the 3′ end, it is possible to extract partially degraded
introns or pre-mRNAs if they contain a longer stretch of adenines.
Therefore it has been argued that many of the cDNAs in the RIKEN
libraries, assumed to be non-coding RNAs in fact are non-functional
cDNAs with a low level of conservation [41]. On the other hand, it has
been shown that some ncRNAs are highly conserved even between
such distant species as chicken and pufferﬁsh [32]. It has also been
argued that the FANTOM3 dataset contains a number of functional
transcripts with a regulated expression [42–44].
Expressed sequence tags (ESTs) comprise an important source of
information in the identiﬁcation of FANTOM3 cDNA clones [32]. These
have been collected since 1991 [45] and currently, the largest EST-
database, dbEST hosted by NCBI, containsmore than 59million entries
whereof the two most represented species, human and mouse,
contribute with almost 8 and 5 million, respectively. ESTs are have
also proven a valuable source of information for identiﬁcation of new
genes [32,46].
Previous studies have used both bioinformatic tools and elabora-
tive methods in order to study the many putative non-coding
transcripts that are now known [28,42,44]. Numata et al. studied the
subset of putative ncRNAs in FANTOM2 with respect to protein
homology and EST support [47]. The number of putative ncRNAs has
more than doubled between FANTOM2 and FANTOM3. Here, we
updated and extended their analysis by conducting a rigorous
investigation of the genomic locations of the transcripts.
In order to gain a better insight into the issue regarding the
functionality of the many putative non-coding transcripts, we per-
formed a careful and detailed analysis of the non-coding sequences of
the FANTOM3 dataset. We divided the FANTOM3 non-coding
transcripts into several subgroups based on their genomic positions
relative to protein-coding genes. Speciﬁcally, we studied the position
of putative ncRNAs giving the proportions of sense, antisense,
intronic and intergenic transcripts in order to delineate which trans-
cripts were associated with proteins and thus more likely to be
artefacts. Further, we identiﬁed orthologs, if present, in rat and
human for each transcript. We used this information to ﬁlter a
dataset of almost 40,000 non-coding transcripts generating a subset
of transcripts without obvious signs of being artefacts and at the
same time is suitable to further investigation with hybridization-
based techniques.
Results
Genomic mapping of the dataset
38,010 (99.7%) of the 38,129 FANTOM3 non-coding transcripts
were successfully mapped to the mouse genome assembly with BLAT.
The genomic mapping revealed that as much as, 30,572 (80.2%), of thetranscripts were not spliced. The spliced transcripts had 2.9 exons in
average. Clustering of overlapping transcripts resulted in 30,705 inde-
pendent clusters with on average 1.2 transcripts in each.
Genomic positions of FANTOM3 non-coding transcripts in relation
to protein-coding genes
The integrity of the FANTOM3 non-coding transcript dataset was
further assessed by determining the genomic structures. To this end,
we matched the positions, lengths and orientations of the FANTOM3
non-coding transcripts on the genome with those of exons, introns
and UTRs of known protein-coding genes. Representative examples
are displayed in Fig. 1 and the overall outcome, with the FANTOM3
non-coding transcripts separated into different spatial categories, is
presented in Table 1. Interestingly, we found that 10,507 (27.6%)
transcripts had an overlap with protein-coding genes and of these
3228 (8.5%) FANTOM3 transcripts were complete subsequences (had
no unique sequence). Furthermore, EST sequences and EST clusters
provided alternate and extended versions of the many protein-coding
genes. This information indicated an additional 2701 (7.1%) FANTOM3
non-coding transcripts, which did not overlap protein entries directly,
to be part of a splice variant or a longer version of a UTR. From both
manual and computational analyses, it was clear that many additional
transcripts were positioned just outside the borders of annotated
protein-coding genes and were therefore likely to be part of UTRs
although hitherto no protein or EST sequence data has been generated
that shows this (no overlap). We therefore considered all FANTOM3
non-coding transcripts that did not overlap or was linked by ESTs or
EST clusters to a protein-coding gene, within 5 kbp of the boundaries
of protein-coding genes on the same strand to be putative parts of
UTRs (2508 transcripts). The remaining dataset consists of intronic
(9022 or 23.7%), antisense (2263 or 5.9%), and intergenic (11,009 or
28.9%) transcripts. Of the intronic transcripts, 185 transcripts were
also located antisense to another protein-coding gene.
Assessments of protein-coding gene characteristics
We searched the FANTOM3 transcripts for characteristic features of
protein-coding genes. By deﬁnition, ncRNAs do not code for proteins
and should therefore not contain (long) open reading frames (ORFs).
We investigated the FANTOM3 non-coding dataset and found that
5698 (14.9%) of all transcripts contain an ORF that was at least 100
Table 1
The genomic positions of the FANTOM3 non-coding transcripts in relation to protein-coding genes.
Class Number Avg (Est support) Spliced Poly-A-site Genomic primer site ORFN100 aa BLAST hit with
E-valueb1e−10
Conserved
Unmappable 119 – – 21 (17.6%) – 29 (24.4%) 13 (10.9%) –
1) Subsequences 3228 99.9 319 (9.9%) 2031 (62.9%) 596 (18.5%) 486 (15.1%) 561 (17.4%) 1018 (31.5%)
2) Overlap 7279 74.9 1677 (23.0%) 2131 (29.3%) 3819 (52.5%) 1513 (20.8%) 3416 (46.9%) 3378 (46.4%)
3) EST link 1714 39.5 195 (11.4%) 592 (34.5%) 846 (49.4%) 231 (13.5%) 340 (19.8%) 219 (12.8%)
4) EST cluster link 987 58.3 37 (3.7%) 511 (51.8%) 309 (31.3%) 104 (10.5%) 125 (12.7%) 134 (13.6%)
5) Putative UTR 2508 11.8 258 (10.3%) 1122 (44.7%) 910 (36.3%) 339 (13.5%) 558 (22.2%) 316 (12.6%)
6) Intronic 9022 4.1 162 (1.8%) 1164 (12.9%) 7011 (77.7%) 1064 (11.8%) 1567 (17.4%) 386 (4.3%)
Filtered intronic 1531 4.2 54 (3.5%) 346 (22.6%) 0 (0.0%) 0 (0.0%) 7 (0.5%) 27 (1.8%)
7) Antisense 2263 11.0 926 (40.9%) 1042 (46.0%) 587 (25.9%) 530 (23.4%) 1266 (55.9%) 1173 (51.8%)
Filtered antisense 1260 11.1 599 (47.5%) 713 (56.6%) 0 (0.0%) 0 (0.0%) 651 (51.7%) 624 (49.5%)
8) Intergenic 11,009 9.9 3897 (35.4%) 4703 (42.7%) 3600 (32.7%) 1402 (12.7%) 1517 (13.8%) 558 (5.1%)
Filtered intergenic 5744 10.1 2602 (45.3%) 3297 (57.4%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 101 (1.8%)
Total (whole dataset) 38,129 31.3 7471 (19.6%) 13,317 (34.9%) 17,678 (46.4%) 5698 (14.9%) 9363 (24.6%) 7204 (18.9%)
Total (ﬁltered dataset) 8535 9.189572349 3255 (38.1%) 4356 (51.0%) 0 (0.0%) 0 (0.0%) 658 (7.7%) 752 (8.8%)
The table holds different statistics for each group: the number of transcripts, the number of genomic loci the clustered transcripts occupied, the average number of overlapping ESTs,
the number and percent with two or more exons, the number and percent with a poly-adenylation site, the number and percent with a adenine-rich region located closely
downstream, the number and percent with an ORF at least 100 amino acids long, the number and percent that hit a protein in a BLAST search with an E-value below 10−10 and the
number and percent that was conserved in both the rat and human genomes. The ﬁltered dataset is presented as three separate posts – ﬁltered intronic, ﬁltered antisense and ﬁltered
intergenic – occurring directly after the group it was sorted out from. The numbers of the criteria used to create the ﬁltered set are marked with bold style. Among the intronic
sequences, there are seven transcripts that are both intronic and antisense to a protein, which have a BLAST hit towards a known protein although these are generally ﬁltered away
from the intronic transcripts. The two last rows in the table are total rows for the whole dataset and the ﬁltered dataset, respectively.
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transcript was on average 73 amino acids (range: 0–1254 amino
acids). The longest ORFs in single exon FANTOM3 ncRNAs were 72
amino acids (range: 0–853 amino acids), whereas the longest ORF in
each locus in the complete mouse genome was on average 21 amino
acids (range 1–2,333,362 amino acids). The distribution of single exon
ORF lengths in FANTOM3 was shifted at least 49 amino acids towards
larger numbers compared to the distribution of genomic ORF lengths
(p-value: 4.17⁎10−9) according to a Wilcoxon rank sum test.
Another link to protein-coding genes is pre-mRNAs.We considered
a FANTOM3 non-coding transcript that overlapped two neighbouring
exons and the separating intron of a protein as a putative pre-mRNA
and found 1061 such transcripts.
We also assessed sequence similarity of the FANTOM3 non-coding
transcripts with protein-coding genes, as it is possible that this dataset
holds new protein-coding genes or pseudogenes. We performed a
BLAST search against the UCSC gene set and found 9363 transcripts,
which obtained a protein hit with an E-value below 10−10. Of these,
5243 transcripts overlappedwith proteins, either completely, partially
or antisense.
Assessments of internally primed transcripts
It is known that artefact transcripts can be generatedwhenoligo-dT
primers bind to adenine-rich sites in the genome, which are mis-
interpreted as a poly-A-tail when sequenced [48]. We performed a
systematic search for possible priming sites in the genomic sequence
directly downstream of all FANTOM3 non-coding transcripts. We
found that as many as 17,678 (46.4%) of the mapped FANTOM3
transcripts had a possible priming site in the genomic sequence
downstream of the transcript. As a comparison, adenine-rich regions
were only present downstream of 9.4% of the proteins from UCSC,
which are curated and hence more likely to be of full length. On the
other hand, we identiﬁed that 13,317 transcripts had a poly-adenyla-
tion signal within the last 30 nucleotides, which is a sign of a full-
length mRNA transcript. There were 1776 non-coding FANTOM3
transcripts had both a poly-adenylation site and a possible internal
priming site.
Comparison with known ncRNAs
To provide information about their quality, we matched the trans-
cripts in the non-coding FANTOM3 dataset to known ncRNAs. Asreference, we used the 242 mouse RNAs curated from literature on
RNAdb [33]. Out of these, 123 overlapped 168 FANTOM3 non-coding
transcripts of which 137 were intergenic. In particular we investigated
one of the largest and best known ncRNA families, namely the small-
nucleolar RNA (snoRNA) family [18,49]. We found 3 snoRNAs, MBII-13
(Snord64), MBII-52 (Snord115) and MBII-85 (Snord116) that had
alternative versions in the FANTOM3 dataset. MBII-13 (46 bases),
mapped to a conserved site on chromosome 7, was found in two
longer versions in the FANTOM3 non-coding transcripts dataset;
D030041G16 and A730015O12; (1154 and 3941 bases respectively).
According to the UCSC genome browser [50], the two FANTOM3 non-
coding transcripts are only conserved in the subsequence overlapping
the snoRNA and both are unspliced (see Fig. 2a). The same patternwas
repeated for MBII-85, which also existed as a much longer, partially
conserved variant in the FANTOM3 non-coding dataset. The corre-
sponding FANTOM3 non-coding transcript, B230105C16, has a length
of 3991 bases and only the section overlapping with MBII-85 is
conserved (91 bases).
Making a stringent dataset suitable for hybridization-based analysis
One of our objectives was to generate a small, more reliable dataset
for further analysis by hybridization-based methods. When perform-
ing a hybridization-based analysis it is crucial to avoid overlapping
transcripts, as there is nomeans to distinguishing their expression. For
this reason, we started our ﬁltration by removing transcripts that
completely or partially overlapped protein-coding genes (classes 1
and 2, see Fig. 1). As many of the protein transcripts could be longer,
have alternative splice variants and UTRs we also removed transcripts
that share ESTs/EST clusters with a protein-coding gene as well as
those positioned in a putative UTR (classes 3–5). We removed the
transcripts that lay upstream of an adenine-rich region to minimise
the chance to include falsely primed transcripts. To remove putative
pseudogenes we also excluded the intergenic or intronic transcripts
that had BLAST hits towards proteins with E-values below 10−10.
The resulting set contains 8535 FANTOM3 transcripts, spread over
7490 loci, of which 1260 transcripts lay antisense to protein-coding
genes, 1531 were intronic and 5744 were intergenic. More than half
(53.0%) of the FANTOM3 transcripts associated to the known ncRNAs
from RNAdb were sorted out in this ﬁltered set. Furthermore, we
compared our results to a similar study on the FANTOM2 dataset were
Numata et al. sorted out 4921 transcripts of which 4841 were still
present in FANTOM3 [47]. With newer protein sets, we identiﬁed 193
Fig. 2. Comparison with characterized ncRNA sequences. (a) The snoRNA MBII-13 is highly conserved between mouse, rat, human and dog. Two FANTOM3 transcripts, A730015O12
and D030041G16, were indicated to be longer version of the annotated ncRNA; however, they were only conserved in the regions overlapping the MBII-13. (b) The FANTOM3
transcript C430011E04 contains a snoRNA-like-sequence which possesses the characteristic C and D boxes of C/D snoRNAs. The sequence was located in the intron of an SNRPB
protein in a region that shows very high conservation between mouse, rat, human, dog and opossum.
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tional 323 transcripts were associated to proteins through ESTs or as
putative UTRs. We discarded 2313 of the Numata transcripts as they
had internal primer sites, ORFs longer than 100 amino acids and/or
BLAST hits towards proteins with E-values below 10−10. In addition,
we identiﬁed 6523 novel transcripts. Sequence identiﬁers of the
sequences contained in the ﬁltered dataset are available in Appendix.
These transcripts are well suited for hybridization-based analysis,
such as real-time PCR, in situ or microarrays, as it does not introduce
any bias arising from that the expression proﬁle could belong to a
protein-coding gene.
Evolutionary conservation
Many of the known ncRNAs; such as miRNAs [51–53], Mirn375 [7]
and the brain-speciﬁc snoRNAs [54,55] are well conserved between
different species [43,56]. We found that 12,365 (32.4%) and 12,346
(32.4) transcripts had potential orthologs in rat and human,
respectively. There were 7204 (18.9%) transcripts conserved in both
species. However, these ﬁgures are likely to be biased by the con-
servation of proteins, as more than a third of these transcripts were
overlapping proteins completely (31.5% conserved), partially (46.4%)
or antisense (51.8%), while only around 5% were conserved among the
intronic (4.3% conserved) and the intergenic (5.1%). The ﬁltered
dataset had a lower degree of conservation with 1.8% of the ﬁltered
intronic and intergenic conserved. Of the ﬁltered antisense transcripts,
49.5% were conserved.
Expression analysis
We investigated the relative expression of the transcripts in the
non-coding FANTOM3 dataset compared to that of protein-coding
genes by counting the number of overlapping ESTs. We found that
non-coding FANTOM3 transcripts have much lower EST coveragethan protein-coding genes. The FANTOM3 transcripts had on average
31 ESTs per transcript, while the proteins in the UCSC gene dataset
had on average 145 ESTs per transcript. However, very large diffe-
rences were observed depending on where the transcripts were
located with respect to protein-coding genes. Transcripts that were
complete subsequences of protein-coding genes had the highest
number of ESTs per transcript (100 ESTs per transcript on average). In
addition, transcripts partially overlapping, linked by ESTs or EST
clusters to protein-coding genes had high EST coverage, on average
75, 40 and 58 ESTs per transcript, respectively. The transcripts in our
ﬁltered dataset, which includes antisense sequences, had on average
9 ESTs.
Discussion
In attempts to discover new ncRNAs, many sequencing projects
have aimed to identify all transcripts in the cell without apparent
protein-coding potential. The results can be seen in the rapidly in-
creasing number of sequences that have been classiﬁed to the group of
putative non-protein-coding genes (ncRNAs) [30–33]. However,
efforts to assign functions to those newly found transcripts have not
been as successful [57,58]. As a result, it is debated whether the
majority of these transcripts are functional, merely transcriptional
noise in the cell or artefacts generated due to methodological errors.
Here we present a computational analysis of the largest dataset of
suggested ncRNA genes, the FANTOM3 non-coding transcript dataset.
Many FANTOM3 non-coding transcripts are probably proteins or pieces
of undegraded protein-coding mRNA
Approximately 13,208 (34.6%) of all the FANTOM3 transcripts had
genomic positions associated to a protein-coding gene, either through
direct overlap or via additional sequence data in the form of ESTs/EST
clusters. An additional 2508 (6.6%), were located close to a protein and
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pletely within the exon boundaries of protein-coding genes are
unlikely to be ncRNAs and most likely to be part of the protein-coding
genes. The relatively high percentage, 2909 (90.1%), of unspliced
transcripts in this subgroup supports their origin from undegraded
exons. This is further strengthened by the fact that 137 (81.6%) of the
FANTOM3 versions of known functional RNA were intergenic. It is
possible that functional ncRNAs could be produced by partial degra-
dation of larger transcripts. If so, they need to be protected from
complete degradation, tentatively by forming secondary structures
through internal hybridization. Unfortunately, current folding algo-
rithms do not live up to the task of separating genomic sequences that
hybridize from those that do not.
Many ncRNAs are likely to be derived from undegraded introns
We found that as many as 44.0% or 16,761 of the FANTOM3 trans-
cripts were located in intronic regions of protein-coding genes. Of
these, 7739 transcripts were associated to other proteins through
overlap, linkage or as a putative UTR. This agrees with that part of the
FANTOM3 that ncRNAs could be produced from spliced out introns
[59] or other forms of partially degraded RNA. Functional ncRNAs
could be generated from introns and one example is the snoRNA genes
which are frequently encoded from the introns of ribosomal proteins
[55]. Other examples of parallel output of regulatory RNAs are
reviewed in [56]. However, if we look at the transcripts that were
only intronic (9022), the relatively high number of possibly internally
primed transcripts in this group (77.7%) raises some questions about
their reliability, knowing that 98.2% of the purely intronic transcripts
were not spliced. Of the purely intronic transcripts, 6930 (76.8%) were
both possibly internally primed and non-spliced. Thus, it is possible
that these transcripts are dependently expressed and originate from
adenine-rich regions of undegraded introns. RT-PCR analysis and
correlation studies of 6 intronic FANTOM3 non-coding transcripts
showed that their expression levels and proﬁles were well correlated
with the protein-coding gene inwhich they reside [unpublished data].
If the transcripts were independently expressed, an uncorrelated
expression pattern would be expected. This is further evidence for the
origin of these transcripts.
Many ncRNAs could be partial transcripts derived from internal priming
Transcripts with an adenine-rich region located immediately
downstream in the genome were not unique to transcripts in introns,
but were widespread over many of the FANTOM3 transcript sub-
groups. The high (46.4%) putative internal priming of the total
FANTOM3 transcripts is most likely due to the fact that the oligo-dT
primer, widely used for cDNA synthesis, generates a high frequency of
truncated cDNAs through poly-A priming [48]. The potentially
internally primed transcripts hold a higher proportion of unspliced
cDNAs (90.3%) than the whole dataset (80.2%), which supports them
as more likely to originate from non-processed pre-RNA or unde-
graded mRNA.
Many FANTOM3 non-coding transcripts could be pre-mRNAs
We considered transcripts that overlapped two neighbouring
exons and the complete intron in between as putative pre-mRNAs
and found 1061 such transcripts among non-coding FANTOM3
transcripts. These needs to be further investigated, but could be a
putative source of short functional RNAs. The two FANTOM3
transcripts overlapping the snoRNAs MBII-13 (see Fig. 2a) and MBII-
85 further illustrate this. Both were unspliced and the highly
conserved functional regions amounted to only 1–4% of these two
FANTOM3 transcripts. The remainders of the transcripts were not
conserved between species to the same degree. This indicates theimportance of investing putative ncRNAs in the context of other
transcripts, within and between genomes.
We also identiﬁed a transcript (C430011E04) with a highly con-
served region that possessed the characteristic C and D boxes of C/D
snoRNAs (Fig. 2b). The transcript, which had a length of 3462
nucleotides, had an unusual genomic alignment as it was overlapping
four exons and the separating introns of “small nuclear ribonucleo-
protein B” with the conserved snoRNA-like region located in one of
the introns. If this proves to be a functional snoRNA, it could suggest
a functional relationship between the snoRNA and the protein-coding
genes.
Some ncRNAs were indicated to be putative protein-coding genes
We investigated the presence of protein-coding gene features
among the non-coding FANTOM3 transcripts, such as poly-A signal,
splicing and a long ORF. We found poly-A signals in 13,317 (35.0%) of
the FANTOM3 transcripts. The presence of a poly-A signal at the end of
a transcript indicates that a sequence is a true full-length transcript. In
the ﬁltered dataset, the frequency was higher with 4356 (51.0%) of the
transcripts having a poly-A-signal at their 3′ end. Themajority (80.2%)
of transcripts in the FANTOM3 dataset were unspliced. Spliced trans-
cripts are more reliable than non-spliced as they are processed, which
suggests that they do not originate from a pre-mRNA or genomic DNA.
The non-spliced transcripts were overrepresented among those that
were potentially internally primed (90.3%) or associated to protein-
coding genes (84.2%), but especially among the intronic transcripts
(98.2%). A characteristic feature of non-coding RNAs is the absence of
long open reading frames (ORFs). However, we found that 5698
(14.9%) of the transcripts in the FANTOM3 dataset contained potential
open reading frames longer than 100 residues and the average ORF
length for all transcripts was 73 residues. We found 632 putative
protein-coding genes that combined all these three indications and
had a long ORF, introns and a poly-A signal near the 3′ end.
Very few of the FANTOM3 non-coding transcripts without sequence
similarity to proteins are conserved between species
Only 7204 (18.9%) of the FANTOM3 non-coding transcripts
(which are all mouse sequences) were conserved in both rat and
human, compared to the corresponding number for the protein-
coding part of FANTOM3, which was 81.3%. The degree of conserva-
tion among the non-coding transcripts was biased depending on
relation to proteins as only 944 (4.7%) of the intronic and intergenic
transcripts were conserved (see Table 1). This is in accordance with
previous criticism that the great majority of transcripts are not more
conserved than the average random intergenic sequence [41].
On the other hand, only 8 of the 147 FANTOM3 transcripts
corresponding to known ncRNAs from RNAdb were conserved (see
Supplementary Table 1). Furthermore, there exist families of ncRNAs
other than the very well conserved snoRNAs, miRNAs and rRNAs,
which exhibit different conservation patterns [43]. The functional
signiﬁcance of many non-coding cDNA transcripts still remains a
matter of debate [32,41,58]. We emphasise the importance that many
FANTOM3 transcripts could represent long unprocessed sequences
where the functional and conserved portion only accounts for a small
part of the transcript as in the case with the snoRNAs mentioned
above.
Inherent difﬁculties of studying ncRNA transcripts
The relatively high percentage, 33.5%, of all FANTOM3 transcripts
that had a genomic overlap with protein-coding genes makes it very
important to design primers that amplify unique parts of the ncRNA. If
not, it will be impossible to separate the signals from the protein-
coding gene and the ncRNA. Without a complete picture of the
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browser views), an expression analysis could give misleading results.
It is likely that many analyses performed by researchers studying
either protein-coding or non-protein-coding genes have suffered from
such errors. Our ﬁltered dataset avoids this caveat by only including
transcripts not associated to protein-coding genes.
Conclusions
We compared the genomic location of the FANTOM3 non-coding
transcripts with that of known protein-coding genes. The results
revealed that 41.2% of the FANTOM3 transcripts were linked to a
protein-coding gene by direct overlap, by ESTs, via EST clusters or as
remnants of a putative UTR. These transcripts were divided into the
following 5 groups; (1) complete subsequences of a protein-coding
gene: 3228 or 8.5%, (2) partly overlapping with a protein-coding
gene's exon: 7279 or 19.1%, (3) linked to a protein-coding gene via
ESTs: 1714 or 4.5%, (4) linked to a protein-coding gene via ESTclusters:
987 or 2.6%, and (5) putative UTR: 2508 or 6.6%. The rest of the dataset
consists of intronic (9022 or 23.7%), antisense (and not intronic)
(2263 or 5.9%) and intergenic (11,009 or 28.9%) transcripts.
We found that transcripts with no relation to proteins, such as
intronic and intergenic transcripts, exhibited a low level of conservation
evenbetween closely related species such asmouse and rat.More than a
third of the transcripts (46.3%) had a possible adenine-rich priming site
on the genome downstream of the transcript. Internally primed
transcripts were especially elevated among the intronic transcripts
(77.7% were putatively internally primed) and hence, the possibility
increases that many transcripts are derived from undegraded introns.
We ﬁltered out transcripts with ORFs shorter than 100 amino acids
thatwasnot internally primedorassociated toproteins by their genomic
position. Furthermore, we removed the intronic and intergenic
transcripts that had a BLAST hit towards a protein-coding gene with
an E-value below 10−10. The resulting set contains 8535 FANTOM3
transcripts of which 6523 transcripts were not present in the Numata et
al. investigation [47]. Theﬁltered datasetwere classiﬁed in 1531 intronic
(1.8% conserved),1260 antisense (49.5% conserved) and 5744 intergenic
transcripts (1.8% conserved) (see Table 1). We believe that this dataset
will be valuable in future characterization of non-coding RNAs.
Methods
Data sources
RefSeq
RefSeq originates mostly from GenBank and this NCBI database
aims to provide a non-redundant set of sequences which are reﬁned in
an automated process and contains both protein-coding and non-
coding sequences [46]. The RefSeq datasets for human and rat were
downloaded from the UCSC web page on 28 November 2008.
UCSC genes
The UCSC gene track, with included positional data, for mouse was
exported from the UCSC browser on 28 November 2008. Transcripts
with a corresponding peptide sequence were considered as protein-
coding.
Known RNAs
242 known mouse non-coding RNAs that have been manually
curated from literature were downloaded from RNAdb on 28 January
2009.
EST dataset
The mouse EST dataset with its positional data, was downloaded
from the UCSC ftp server on 28 November 2008. At this time, it
contained 4,365,128 entries.Genome assemblies
The genome assemblies were downloaded in FASTA format from
the UCSC ftp site. The assemblies used were hg18 for human, mm9 for
mouse and rn4 for rat.
Mapping of transcripts to the genome assemblies and deﬁning
ncRNA categories
The FANTOM3 dataset was mapped to the corresponding genome
using BLAT [61], with the fastmap and the ﬁne ﬂag activated and other
parameters set at default. The hitswere sorted according to an identity,
which was calculated as (matches+repmatches−mismatches−
qnuminsert− tnuminsert). Here, matches is the number of bases
that match and are not repeats; mismatches is the number of bases
that do not match; repmatches is the number of bases that match but
are part of repeats and qnuminsert and tnuminsert are the number of
inserts in the query and target, respectively. The calculated identity is
equivalent to the identity calculated in the UCSC online genome
browser [50].
By comparing the positions of the proteins, FANTOM3 transcripts
and ESTs with regard to the genome, we were able to divide the
FANTOM3 non-coding transcripts into different groups according to
their relation to proteins. The order of the tests was chosen so that
transcripts with higher chance of originating from parts of protein-
coding transcripts are ﬁltered out ﬁrst.
1) FANTOM3 transcripts residing completely within protein-coding
exons. A FANTOM3 transcript was classiﬁed to this category if its
sequence was a subsequence of a protein-coding gene (Fig. 1).
These transcripts had all their exons completely overlapped by the
exons of a single protein on the same strand and did thereby not
contain a single unique base.
2) FANTOM3 transcripts overlapping with protein-coding exons on
the same strand. FANTOM3 transcripts classiﬁed to this category
overlapped at least one nucleotide of a protein-coding exon on the
same strand of the genome (Fig. 1). It cannot be excluded that they
represent elongations of the protein-coding genes, i.e. a longer
UTR.
3) FANTOM3 transcripts connected to a protein-coding gene by ESTs.
The sequences of many of the annotated protein-coding genes are
not complete; i.e. parts of the sequence in the UTRs for example
could be lacking. Hence, we searched for FANTOM3 transcripts that
were likely to be part of the protein-coding sequences based on the
EST data (Fig.1). Transcripts in this category shared at least one EST
with a protein-coding gene. A gene (protein-coding or non-
protein-coding) had a matching EST if it had at least one exonic
nucleotide overlapping with that EST and lay on the same genomic
strand.
4) FANTOM3 transcripts sharing EST cluster with a protein-coding
gene. Genomically overlapping ESTs were clustered. The EST
clusters were created by traversing the start and end genomic
coordinates of the exons of all ESTs andmerging the sequences that
overlapped by at least one position. This resulted in 270,093 EST
clusters, each of which was assigned a unique identiﬁer. Each
cluster was then treated as an EST in order to ﬁnd potential links to
protein-coding transcripts as described previously (Fig. 1).
5) FANTOM3 transcripts in the untranslated region (UTR) of protein-
coding genes. All transcripts lying within 5 kbp of either boundary
of a protein-coding gene, and on the same strand, were considered
as possibly derived from the untranslated region of that gene.
According to a search in UTRdb [62], 99.8% of all UTRs in mouse are
shorter than 5 kbp.
6) FANTOM3 transcripts in introns of protein-coding genes. A trans-
cript was classiﬁed into this category if the genomic start and stop
positions or its exons were found within the intron boundaries of a
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within the intron (see Fig. 1).
7) FANTOM3 transcripts having antisense overlap with protein-
coding exons. Transcripts in this category had at least one
nucleotide overlapping with a protein-coding exon that was
located on the opposite strands. If the transcript was located in
an intron and antisense to another transcript, it was considered as
intronic and included in class 6.
8) Intergenic FANTOM3 transcripts. All FANTOM3 transcripts not
belonging to any one of the previous groups were classiﬁed as
intergenic transcripts.
FANTOM3 transcripts as pre-mRNA
We searched the partially overlapping FANTOM3 transcripts
(class 2) for transcripts that potentially could be undegraded pre-
mRNA. A FANTOM3 transcript was classiﬁed as a potential pre-mRNA
if it was overlapping at least two adjacent protein-coding exons and
the complete intron in between.
Similarities to protein-coding genes
To estimate how similar the FANTOM3 transcripts are to protein-
coding genes, we searched the FANTOM3 transcripts with BLAST
against a database containing the UCSC proteins. A transcript was
considered similar if it hit a protein-coding gene with an E-value
below 10−10.
Analyses of the FANTOM3 non-coding dataset
Longest open reading frame (ORF)
In order to identify potential protein-coding genes, open reading
frames was identiﬁed in the FANTOM3 dataset. As the sequences in
the FANTOM3 dataset are orientated in the correct direction [32], the
search was only done in the forward direction. All three frames were
scanned and the longest open reading frame for each transcript was
identiﬁed. We also extracted the lengths and positions of all ORFs in
the mouse genome by traversing the genome sequence in all six
reading frames, without considering splicing. From this set we
iteratively selected the longest ORF, removed all ORFs overlapped by
the selected ORF and started over with on the remaining set. This
process was repeated until all ORFs were either selected or removed.
The selected distribution consisted of the longest variants of all
possible single exon ORFs on the genome. It was compared with a
Wilcoxon rank sum test in the statistical software R to single exon
ncRNAs in FANTOM3.
Exon count
We extracted the number of exons from the positional data. Introns
shorter than 10 nucleotides were omitted as artefacts.
Poly-adenylation signals
The last 30 nucleotides of each FANOM3 transcript were searched
for poly-adenylation signals (aataaa or attaaa).
FANTOM3 transcripts derived from internal priming
It has been argued that many of the FANTOM3 transcripts are a
result of internal priming, were the oligo-dT primer has bound to an
adenine-rich genomic region and not to a poly-A tail [42,44]. Hence,
we scanned the 50 bases downstream of every transcript for con-
centration of adenines that might be able to bind oligo-dT primers and
thus result in ampliﬁcation/detection/production of partial mRNAs or
undegraded pre-mRNAs (Fig. 1). A sequence of at least 8 adjacent
adenines was considered a putative oligo-dT binding site. Non-
continuous poly-A sites were also considered, but for each base that
was not an adenine, the length threshold was increased by one. For
example AAATAAAAAGC (8 As) was not considered a binding sitewhereas AAATAAAAAAC (9 As) was classiﬁed as a putative oligo-dT
binding site.
EST coverage
All ESTs that were aligned within the exon boundaries of a
transcript, on the same strand, were assumed to belong to that
transcript.
FANTOM3 cluster
The FANTOM3 transcripts were clustered in the same way as the
ESTs (above).
Human and rat orthologs
We searched the FANTOM3 transcripts with BLAST against
databases containing the human and rat RefSeq transcripts, respec-
tively. The hits with the lowest E-value were extracted and searched
with BLAST against the FANTOM3 dataset. In both searches, only hits
with an E-value below 10−5 were considered as positive. The human
and rat transcripts were considered as orthologs if they hit the
transcript that hit them in the ﬁrst search with an E-value below 10−5.
A FANTOM3 transcript was deemed as conserved if it had orthologs in
both rat and human.
Filtered dataset
We extracted a ﬁltered dataset suitable for hybridization-based
techniques from classes 6–8 (intronic, antisense and intergenic) by
discarding the transcripts with ORFs longer than 100 amino acids or
with an internal primer site downstream of the transcripts genomic
locus. Furthermore, we discarded transcripts with BLAST hits towards
proteins where the E-value was below 10−10.
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